ABSTRACT More mobile devices are now being charged wirelessly due to the convenience, ease of use, and competitive power efficiency of wireless power transfer. However, traditional wireless power transfer systems are not applicable if the mobile devices need to be charged while moving. This paper focused on an omnidirectional wireless power transfer system, which has the potential to transfer power to a movable device. And two different maximum power delivery methods are proposed for applications with intermittently and frequently moving devices. By analyzing the relationship between the input power of the system and the load power, the communication link between the transmitter and the receiver is eliminated. Both methods satisfied the need of dynamic charging for the movable device. The parameter identification method is more suitable for the device which moves intermittently, while the gradient descent method aims at charging the frequently moving devices. Based on the circuit model of the omnidirectional WPT system, the two methods have been mathematically modeled, and the corresponding algorithms for maximum power transfer are proposed. Then, a prototype is implemented to validate the proposed methods. Experimental results have shown that both the methods can be used to achieve maximum output power during the movement of power pickups. At steady-state, a maximum power of 37.08W at 70.39% efficiency has been achieved using the parameter identification method; while 36.48W at 69.90% has been achieved using the gradient descent method.
I. INTRODUCTION
Wireless power transfer (WPT) becomes an emerging solution for power delivery to electric devices due to its convenience and safety, especially in smart mobile, medical implants, home appliances, industrial equipment and electric vehicles [1] - [7] .
In the early stage, the delivered power level and overall efficiency of the WPT system are the most concerned by the researchers and engineers. Lots of methods have been studied by the scholars to improve the performance of inductive power transfer (IPT) or capacitive power transfer (CPT) system, such as megahertz operation frequency [8] , compensation network improvement [9] , maintaining system resonance [10] and refactoring coil structure [11] .
With the maturity of the WPT technology, the range of wireless power transfer and the space freedom of the power pick-up have attracted more attention. For a planar WPT system, Lei Zhao and Udaya K. Madawala et al proposed a novel series-hybrid topology to provide a constant power transfer over a wide range of spatial displacements [12] , [13] . However, the planar WPT systems are hard to deal with the problems of the angular rotation and positional shift in a relatively wide range. If a wirelessly charged device with a demand for higher mobility is arbitrarily located in a confined space, those WPT techniques are not applicable.
A high-dimensional WPT system which can transfer power to an arbitrary location within a defined space would be beneficial. Up to now, some IPT systems have applied the technology of magnetic field shaping, which allows directional energy transfer [14] - [23] . Raval et al. proposed a 3D inductive power transfer system driven by a multiple phase power converter, based on a rotating magnetic field. This system created a cubic power zone which can charge the battery by loosely coupled magneto-motive force induction [14] - [16] . Zhang et al. proposed a WPT system for 3D, free-position and multi-object charging based on the properties of Helmholtz coils [17] . The downside of these 3D WPT systems is that the system's operation range is limited in the 'charging box'. To expand the charging range, E. S. Lee et al proposed a wide-range ubiquitous IPT system based on direct and quadrature (DQ) rotating magnetic-field. The transmitting (Tx) coils created high uniformity of magnetic field distribution and achieved 6-degrees of freedom charging of multiple receivers [18] . However, those characteristics of the system depend on the 3D structure of the receiving (Rx) coils as well. To increase the transmitted power and improve the transfer efficiency, Lim and Park proposed a novel WPT system based on a magnetic field beamforming technique with two crossed-loop transmitter coils [19] - [20] . By controlling the currents of two transmitter coils, the magnetic field can converge in a certain direction. However, this approach doesn't give a defined relationship between the magnetic field and the circuit. Seol and Chung derived the equivalent circuit model for a 2D WPT system [21] , and D Lin et al provided the basic mathematical theory of omnidirectional wireless power transfer [22] . On the basis of the above techniques, Zhu et al. expanded the technique of magnetic field beamforming to higher dimensional WPT system and explicitly explained the relationship between the magnetic field and the circuit [23] . But those systems need the information of the receiver's position to realize the maximum power delivery. This control method is very useful to guide practical 3D WPT system design with more flexible coupling tolerance.
While expanding the charging range in 3D space around the system, all the previous works neglect the movements of the devices. In practice, mobile devices such as smartphone and watch, sorting and conveying robot probably need dynamic wireless charging in 3D space. Keeping dynamic maximum power transfer of the WPT system is the key point of current research. This paper studies the maximum power transfer for the movable device based on an omnidirectional WPT system. The characteristic of the omnidirectional WPT system is analyzed first. Then, two different methods are theoretically analyzed and mathematically modeled according to the circuit model of the omnidirectional WPT system. By combining the input and output characteristics of the system and the characteristics of the proposed methods, the algorithms of each method achieve maximum power delivery without a communication link between the transmitter and the receiver. The validity of the two methods is verified in a prototype. And the different situations in which the two methods applied are discussed.
The rest of the paper is organized as follows: In section II, the modeling of the omnidirectional WPT system is derived. And the relationship between the input power and the load power is analyzed. In section III, the problem of maximum power delivery is analyzed without relying on communication between the transmitters and power receiver. And two methods for maximum power delivery are analyzed and mathematically modeled. In section IV, the real-time algorithms based on the analysis in section III are experimentally verified. And the difference between the two methods is discussed. In section V, a conclusion is drawn. The convergence of the algorithm for continuous operation is proved in the Appendix.
II. MODELING OF THE OMNIDIRECTIONAL WPT SYSTEM A. STRUCTURE OF TWO CROSSED-LOOP WPT SYSTEM
The structure of the omnidirectional field orientation WPT system is shown in Fig. 1 . The system has two transmitter coils, coil A and coil B, both of them are series connected with its own resonant capacitor. The transmitter coils are perpendicular to each other, which means the coupling factor between coil A and coil B is almost zero [19] . These transmitter coils are excited to generate omnidirectional magnetic field by two AC currents. Coil C is the receiver, connected with the resonant capacitor and the load. The energy is delivered by the magnetic coupling between the transmitter coils and the receiver coil. The cylindrical area is shown in Fig. 1 is the working range of this system, the receiver coil with load can receive energy everywhere around this cylindrical area at any pose. 
B. CIRCUIT MODELLING OF TWO-DIMENSIONAL WPT SYSTEM
The magnetic coupling between the transmitters and the receiver can be described via a circuit model. The equivalent circuit model is shown in Fig. 2 . U dc and I dc are the 76154 VOLUME 6, 2018 FIGURE 2. Equivalent model of the two crossed-loop coils wireless power transfer system. DC voltage source and DC current of the system, respectively. I A and I B are two currents of transmitter coils, and I L is the load current in the receiver coil. U A and U B are equivalent controlled voltage sources generated by two inverters, and they are used to adjust the current in the corresponding transmitter coil independently. L A , L B , and L 1 are the inductance of coil A, coil B, and the receiver coil, respectively. M A and M B are the mutual inductances between the transmitter coils and the receiver coil. R A , R B , and R 1 are the coil resistance of the transmitter coils and the receiver coil, respectively. C A , C B , and C 1 are the resonant capacitors of the transmitter coils and the receiver coil, respectively. The equivalent circuit model of the system can be described as:
where
To simplify the following calculation, the parameter of the transmitter coils and the resonant capacitor of the transmitter coils are considered as equal.
The current in transmitter coils are set as [22] :
I is a positive real constant which is associated with the amplitude of the magnetic field. θ is regarded as the angle of the magnetic vector B, which is determined by the amplitude and phase difference of current I A and I B . According to equations (1-4), the load current can be calculated as follow.
And its amplitude is:
The active power of the load can be calculated as follow.
When the system is fixed, the active power of the load is determined by M A , M B , and θ. M A and M B are depended on the relative location of the transmitter coils and the receiver coil, and θ is determined by the current I A and I B . Therefore, the active power of the load can be expressed as follow.
K L can be considered as a constant, and M is the unknown variable. In order to eliminate the communication from the transmitter part to the receiver part, the relationship between the load power and the input power of the system are discussed below.
The total consumed power of DC source P in includes the power loss in the inverter P inv , ohmic loss in the two transmitter coils P AB and the power received by load coil P re . The expression of P in is shown as follow.
P in = U dc I dc = P inv + P AB + P re (9) And the power consumption of each part is calculated as follows.
The main power losses in the inverter including the conduction losses and switch losses. Conduction losses are depended on the conduction impedance R D and the conduction current I . When I is set as a constant and R D is fixed, the conduction losses can be considered as a constant. From the second part on the right side of equation (10), it can be known that switching loss are mainly depended on the operation frequency, DC voltage U dc , conduction current I , the switch time (t off + t on ) and the output capacitor of the switch C oss [24] , [25] . When the type of the switch and the operation frequency is determined, the switching loss is almost invariable.
In summary, the power loss in the inverter is constants when the value of I keeps unchanged.
Consider that the resistance of the transmission line is ignored, there is no other power dissipation in these coils except the equivalent coil resistance of them. From equation (11) , the ohmic loss in transmitter coils also is constant during the operation of the system.
Similarly, in equation (12), K re is fixed during the operation of the system. Hence, the power received by the load coil is directly proportional to the variable parameter M .
The efficiency of the system is described as:
C is the constant power dissipation during the operation of the system when I is fixed.
It can be known from equations (13), maximizing the variable parameter M will maximize the system efficiency. And the system input power P in will be maximized simultaneously.
III. MATHEMATICAL MODELLING FOR MAXIMUM POWER DELIVERY
Section II presented the circuit model for the omnidirectional field orientation WPT system. In order to increase the transfer efficiency and reduce the charging time, maximum load active power delivery should be achieved when power pickup located at an arbitrary point in the space. The mathematical modeling of maximum power delivery can be generalized as an issue of the mathematical optimization problem.
From the analysis of power loss in Section II, it can be obtained that the P L is directly proportional to P in . P L and P in will be maximized at the same time. Therefore, the mathematical optimization problem above can be described as follows:
A. REALIZATION OF MAXIMUM POWER DELIVERY 1) METHOD I: PARAMETER IDENTIFICATION
Assume that the transmitter coils and the receiver coil are well-tuned, hence, X A , X B , and X 1 are all zero. The expression of the system input power can be rewritten as follows.
In equation (16), C has been discussed in Section II. It's the constant power consumption of this system, which is related to the current I . The value of θ can be controlled by adjusting the current in transmitter coils I A and I B . K includes several unknown parameters, such as R L , M A and M B . And γ contains two unknown parameters M A and M B . The value of M A and M B are determined by the position of the receiver coil. And every point in the working area of the system correspondingly has a determined value of M A and M B . That means the maximum value of P in is only determined by the value of θ when the receiver enters the charging area. According to equation (16) , when sin
In order to identify these two unknown parameters (K and γ ) in equation (16), at least two non-linear equations are required. Taking n different θ 1 , θ 2 , . . . , θ n as trial angles (n > 2), meanwhile, n different input power P in1 , P in2 , . . . , P inn can be measured.
. . . . . .
From equation (17), any two of these equations can solve a set of K and γ , so C 2 n sets of K and γ can be obtained, named K i , γ i (i is an integer, ranges from 1 to C 2 n ).
Assume that the expected values of K and γ are K * and γ * , because the noise of the measurement is Gaussian noise, hence K * and γ * can be calculated by the following equations.
When K * and γ * are obtained, according to θ max = π/2 − γ * or 3π/2 − γ * , the maximum power transfer can be realized by taking θ max as the optimal value.
If the calculation speed of the digital processor is fast enough, this method can be used to figure out the optimal θ max soon after the system is started. However, this method only can be used to calculate θ max when M A and M B are fixed. That means this method needs a special trigger to restart the searching process if the receiver moves to another place.
2) METHOD II: GRADIENT DESCENT
In order to realize the real-time maximum power transfer, the algorithm of gradient descent is proposed. To find the optimal value θ max and the maximum input power, the cost function of equation (16) is defined as follow.
When f (θ) minimized, the input power maximized. The minimum value of f (θ ) is −(C + K re M 2 max ), where
For a dynamic receiver coil, the value of M A and M B keep changing all the time. And the gradient descent method is quite suited for this condition. The realization of dynamic maximum power transfer is shown as follows.
α is the learning rate, which is an artificially defined positive number. Equation (22) also can be discretized as:
The derivative of f (θ ) is calculated as follow.
θ (t + 1) is the angle of current control for next period, and θ (t) is the current angle for current control. And T is the operation period of this system. ∂f (θ )/∂θ is used to calculate the gradient of f (θ). θ usually is set as a constant step size, which is sufficiently small. To speed convergence, an adaptive variable step size is adapted here. θ is calculated as follow.
The gradient descent method leads to the bottom of the bowl of the designed cost function, that is, to the point where the value of the cost function is minimal. In another word, the optimal value θ max and the maximum input power can be achieved by this method. Meanwhile, the convergence speed of the algorithm and the accuracy of the final result are affected by the value of α. The bigger the value of α is, the faster of the gradient descent converges, the greater of the fluctuation in the θ max and vice versa. Discretizing equations (22-25) by Euler's method, the procedure of gradient descent algorithm is shown in Table 1 . 
IV. EXPERIMENTAL VERIFICATION OF THE PROPOSED ALGORITHM
A. OVERALL SYSTEM SETUP Based on the previous theoretical analysis, an omnidirectional field orientation WPT system is implemented. Fig.3 shows the schematic block diagram of the 3D field orientation WPT system. The system's controller is composed of a floating-point digital signal processor (DSP.TMS320F28335) and a field programmable gate array (FPGA.EP2C8J144C8N). DSP is in charge of mathematical calculation of the maximum power delivery algorithm and FPGA takes charge of generating driving signals for MetalOxide-Semiconductor Field-Effect Transistors (MOSFETs). AC/DC converter is connected with power grid and services as an ideal 12V DC voltage source. Two independent DC/AC converters are used to adjust the current in transmitter coils. Two square transmitter coils are designed to orthogonal to each other. And each coil has its own series resonant capacitor. The receiver coil connected with a series resonant capacitor and a resistance is used to simulate as the load. The inductance of each transmitter coil is designed as 10 µH, the inductance of receiver coil is designed as 245.51 µH, the capacitance of each series resonant capacitor for the transmitter is designed as 6.6 µF, the capacitance of a resonant capacitor for the receiver is designed as 0.2688 µF. The frequency of AC voltage generated by DC/AC converters is designed as 20 kHz. Each transmitter coil is a square with the length of side 328 mm and has three turns of Litz wire with radius 2.2 mm. The receiver coil (connected with load) is a circle whose diameter is 150mm and it has 30 turns of Litz wire. The actual coil parameter of the omnidirectional field orientation WPT system is shown in Table 2 .
The experimental rig of the omnidirectional field orientation WPT system is shown in Fig. 4 . The receiver coil's load is a resistance of 0.75 . And the distance between the center of receiver coil and the center of two transmitter coils keeps constant. Transmitter coils current I A and I B are sampled by two independent current transducers HAS 50-S (LEM), which are used in current feedback control. The input DC current of the system I dc is also sampled by another current transducer, which is used to calculate the input power of the system. The amplitude of I is set as 10 A. The experimental results of the implemented omnidirectional field orientation WPT system are presented below.
B. DYNAMIC EXPERIMENTS WITH MAXIMUM POWER TRANSFER 1) METHOD I: PARAMETER IDENTIFICATION
From the equations (17) (18) (19) (20) , it is clear that there is a trade-off relationship between the precision of the calculation result and the calculation time. In this experiment, the number of trial angles n is set as 4. The values of θ 1 , θ 2 , θ 3 , θ 4 are set as 40 • , 70
• , 110 • and 160 • , respectively. Because the shaped magnetic field crossed the diagonal quadrant of the coordinate system, only the first and second quadrant are taken into consideration. The process of the experiment is arranged as follow. First, turn on the system and complete the initialization. Then put the receiver coil at C1, which is shown in Fig. 5 (a) , and keep its location unchanged until the current in transmitter coil is steady. Next, move the receiver from C1 to C2. The decrease of input power drives the controller restarted the current control function. Finally, the current I A and I B converged at another maximum power transfer point. The whole process of the experiment is shown in Fig. 5 (b) .
Each time when the receiver coil changed its place in the working area, the trial angle traversed from θ 1 to θ 4 . And four different input powers would be recorded. The controller calculated the maximum power point from (17) (18) (19) (20) by using all the parameter obtained in the experiment, and the current control executed until the receiver coil moves again. In this experiment, the descent of the input power took the role of the trigger.
The waveforms from top to bottom in the following figures are the current in coil I A , the current in coil B I B , the induced voltage in receiver coil U C and the current in receiver coil I C , respectively.
The entire experiment consists of five parts which correspond to the region I to V shown in Fig. 5 (b) . Region I represents the process of system initialization. In region II, the system traversed the pre-set values of θ 1 , θ 2 , θ 3 and θ 4 . In region III, the maximum power point is found, and the current in transmitter coils are controlled by the calculation result. At this time, θ max ≈ 60 • . The detailed waveforms of region III are shown in Fig. 5 (c) . And the current in transmitter coils keeps constant in this part. The receiver coil moved to another place when the waveforms come to region IV. After the system triggered by the decline of input power, the controller started the procedure again. The procedure in this part is the same as that in region II. Finally, it came to region V, the shaped magnetic field pointed to the receiver which means the maximum power delivery is achieved again. At this time, θ max ≈ 135 • . The value of θ max in Fig. 5 (c) and (d) can be proved by the amplitude of currents in transmitter coils. Fig. 5(b) and (c) show detailed waveforms and the RMS of each waveform. The value of θ max in the experiment is calculated by DSP, and it also can be verified by the RMS of currents in coil A and B. In Fig. 5 (b) , the currents in coil A and coil B are 6.23 A and 4.05 A, respectively. Therefore, the calculated value of θ max is 56.97 • . In Fig. 5 (c) , the current in coil A and coil B are 5.63 A and −4.87 A, respectively. (''−'' means the opposite current direction.) The value of θ max is calculated as 130.86 • . Considering the error due to measurement and other factors, it can be confirmed that the parameter identification method is valid in maximum power delivery. And it is the feature of this method that the currents in transmitter coils keep constant after the value of θ max has been figured out unless the receiver moves again. The transfer power to the load and the transfer efficiency shall be the highest if the receiver is absolutely still.
2) METHOD II: GRADIENT DESCENT
Unlike the parameter identification method, the gradient descent method could track the optimized θ dynamically. The only factor that affected the maximum power transfer is the magnitude of learning rate α. The learning rate α is set to 0.008 in this experiment. The experiment steps of gradient descent method are same as the previous experiment. First, turn on the system and complete the initialization. Then put the receiver coil at C1, which is shown in Fig. 6 (a) , and keep its location unchanged until the current in transmitter coil is converged. Next, move the receiver from C1 to C2. The gradient of f (θ ) drove the change of current I A and I B , which made the input power maximize. Finally, the current I A and I B converged at another maximum power transfer point. The whole process of the experiment is shown in Fig. 6(b) .
It's notable that the maximum power transfer is achieved dynamically. According to algorithm listed in Table 1 , the minimal value of f (θ ) is always tracked by the change of ∂f (θ )/∂θ. And while the minimal value of f (θ ) is achieved, the maximum power delivery is achieved simultaneously. The experiment process of gradient descent method is shown in Fig. 6 (a) . The waveforms from top to bottom in the following figures are the current in coil I A , the current in coil B I B , the induced voltage in receiver coil U C and the current in receiver coil I C , respectively. Fig. 6 (b) the whole waveforms of the gradient descent experiment. In region I, the current in transmitter coils are changed by the gradient of f (θ ), and the transmitted power Continuously increased. In region III, the maximum power transfer angle θ max is found which is approximately equal to 45 • . However, the currents in transmitter coils are oscillating in this part. The detailed waveforms of region III are shown in Fig. 6 (c) . And the load power almost kept constant in this part. In region IV, the receiver coil moved from C1 to C2. The gradient of the input power changed at the same time. The value of θ max gradually converged at the maximum power transfer point through the algorithm in Table 1 . In region V, the load power reached its maximum value again. And at this time θ max is approximately equal to 120 • . Also, the current in transmitter coils is oscillating due to the inherent characteristics of the gradient descent. The detailed tracking result in region V is shown in Fig.6 (d) .
The value of θ max in the experiment is calculated by DSP, and it also can be calculated by the RMS of currents in coil A and B shown in Fig 6. In Fig. 6 (c) , the currents in coil A and coil B are 4.98 A and 5.12 A, respectively. Therefore, the value of θ max is calculated as 44.21 • . In Fig. 6 (d) , the current in coil A and coil B are 6.79 A and -3.28 A, respectively. The value of θ max is calculated as 115.78 • . In summary, the gradient descent method indeed transmitted the maximum power to the receiver coil in real-time. Even the receiver coil moves, the gradient of f (θ ) drove the change of the current in transmitter coils to keep the maximum power transfer. Unlike the parameter identification method, the currents in transmitter coils won't be static. It is because that the gradient descent method aims to minimize f (θ) which maximizes the input power simultaneously, and the Gaussian noise makes the measurement of the input power unstable. The calculated value of θ max fluctuated up and down in the maximum power transfer point. And the current controlled by the calculated value of θ max fluctuated in the same way. In addition, decreasing learning rate α can suppress the amplitude of the current fluctuations.
C. STEADY-STATE EXPERIMENTS
Considering both of the proposed methods can be used to achieve the maximum power transfer by focusing the magnetic field to the direction of the device. However, there is a different characteristic between them. In the parameter identification method, the currents in the transmitter coils are constant. While the currents fluctuated in the gradient descent method. To analyze the overall performance of the system working in different methods, the steady-state experiments are carried out.
The receiver coil is fixed at the point of θ = 45 • . In this case, the currents in transmitter coils are the same amplitude and phase when the maximum power transfer is achieved. First, the system runs under the no-load condition for a while. Then, let the system respectively run under the two methods. After the currents in transmitter coils are stabilized, let the system run for another 20 s. In both cases, the amplitude values of I are the same. The results of the steady-state experiments are shown in Fig. 7 . The waveforms in Fig. 7 from the top to the bottom are the current in transmitter coils I A , I B and the DC current of the system, respectively. Consider that the performance of the voltage source is quite superior, U dc is constant at 12 V during the experiment. Therefore, the system input power of each method can be directly obtained by the value of I dc . In Fig. 7 (a) , the mean value of I dc is 0.915 A, which represents the loss power of the system under the no-load condition. Multiply I dc by U dc , the power loss of the system can be obtained which is 10.98W. Similarly, the input power of the system under different methods can be respectively calculated according to the mean value of I dc in Fig. 7 (b) and (c) . In Fig. 7 (b) , the mean value of I dc is 3.09 A, and it is 3.04 A in Fig. 7 (c) . The calculated values of the system input power under the parameter identification method and the gradient descent method are 37.08W and 36.48W, respectively. And the efficiency of the two methods are calculated as 70.39% and 69.90%, respectively.
D. TRANSIENT EXPERIMENT
To test the dynamic response time of the proposed methods, a transient experiment in the extreme case is carried out. Before starting, the receiver coil is fixed at the point of θ = 45 • and the magnetic field vector is set to be parallel to the receiver coil. First, let the system run for a while. And then, the operation mode changes to the proposed methods. During the whole experimental process, the waveforms of the currents in transmitter coils I A , I B , and the input current I dc are recorded in Fig. 8 . Fig. 8 (a) shows the transient experimental result of the parameter identification method. In time interval t0, the system is working at the minimal power point, where the magnetic field vector is parallel to the receiver coil. In time interval t 1 and t 2 , the system is running under the parameter identification method. In time interval t 1 , the system is traversing the trial angles. The point of maximum power delivery will be calculated later, based on the power information collected in t 1 . And in time interval t 2 , the system worked at the maximum power transfer point. This method is somewhat similar to the traversal searching method. The final result is independent of the previous state of the system. As long as the receiver is stable at a certain position while the system traversing the pre-set trial angles, the target point of maximum power transfer can be precisely figured out. The transient experimental result of the gradient descent method is shown in Fig.8 (b) . In time interval t 0 , the system is working at the minimal power point. In time interval t 1 and t 2 , the system is running under the algorithm of gradient descent. Thus, t 1 represents the dynamic response time. And in time interval t 2 , the system worked at the maximum power transfer point. According to Fig. 8 (b) , this method is a continuous operation method, whose dynamic response is related to the state if the previous cycle. And the dynamic response time in this experiment is less than 100ms. According to the mathematical proof of the convergence of the gradient descent method, this method can reach the maximum power transfer point regardless of the state of the system. Since this experiment is set at the extreme situation, it can be inferred that the dynamic response time of the gradient descent method is less than 100ms in general situations.
E. DISCUSSION ON PARAMETER IDENTIFICATION AND GRADIENT DESCENT METHODS
The two maximum power delivery methods in omnidirectional field orientation WPT system are verified by the above experimental results. For a practical wireless power transfer application, there are two main criteria to evaluate the proposed methods in this paper: speed and accuracy. The experimental results show that both the methods can be used to satisfy the above two points to a certain degree, and each method has its own practical application features.
The determining factors affecting the performance indicators of the parameter identification method are the number of trial angles n and the calculation speed of DSP. The greater of the number n, the greater of the accuracy of the calculation result, but also more time costs. In this experiment, the value of θ max is calculated by DSP. It should be considered that n couldn't be too large as the calculation ability of the DSP is limited. Therefore, it's very important to select an appropriate number n when the accuracy of this method is limited by the calculation speed of the microprocessor and the interrupt period of the program.
In the experiment of gradient descent, the value of ∂f (θ )/∂θ is very large at the beginning. Therefore, the system will converge very quickly to the maximum power transfer point and ∂f (θ )/∂θ will be smaller and smaller at the same time. Eventually, the calculated value of θ max will fluctuate up and down in the maximum power transfer point. During the operation process, the learning rate α has the greatest impact on the system performance indicators. The learning rate α is negatively correlated with accuracy, while it is positively correlated with the speed of convergence. It's worth mentioning that, gradient descent is a dynamic tracking process. The value of θ max will fluctuate up and down in target point instead of stopping at a certain point.
In summary, the parameter identification method is applicable when the device is stationary most of the time. If the device moved to another position, the system can re-execute the parameter identification method to find the new maximum power transfer point. And it needs a more stable working environment. The accuracy of the final results depends on the precision of the system's parameters, and the deviation of the final result is caused by the disturbance when calculating the input power. Furthermore, once the final result is obtained, the magnetic field generated by the transmitter will also be fixed.
The gradient descent method can continuously achieve the maximum power transfer by following the gradient of f (θ ). Hence, it is suitable for dynamic charging of frequently moving device. This method is able to adapt to different conditions by adjusting the magnitude of learning rate α and shows good performance in disturbance rejection and robustness. And the calculation process for the gradient descent method is quite simple. Therefore, this method could be applied in some cheaper microcontroller, which has lower calculating speed.
V. CONCLUSION
This paper studies the maximum power delivery methods for a movable device without a communication link between the transmitter and the receiver in an omnidirectional WPT system. The consistency of the variation of system input power and load power is analyzed and verified. The parameter identification method can find the maximum power transfer point when the receiver stops at an arbitrary position, according to the way of solving equations. And the gradient descent method can be used to track the maximum power transfer point of a movable device in real-time by following the gradient change of the cost function. Different from the equation solving, the convergence of this continuous method is proofed based on LaSalle's invariance principle. Finally, the validity of the two methods is verified in a prototype. Both the methods can be used to achieve maximum power transfer for a movable load. And the output power and efficiency of the parameter identification method is 37.08W and 70.39%, while that of gradient descent method is 36.48Wand 69.90%. The gradient descent method has a fast dynamic response, while the parameter identification method can locate the device precisely. In practice, both methods can meet the needs of users in term of accuracy and speed by adjusting the number of the trial angle or the learning rate α.
APPENDIX
Proof of the convergence of the algorithm of gradient descent is demonstrated below.
Proof: It should be proved that every point starting in set D approaches to set M as t → ∞, where
A Lyapunov function candidate V (θ ) may be taken as
And it can be simplified as
V (θ ) can be thought of as a continuously differentiable function. The derivative of V (θ ) is given bẏ
Substitute equations (22) and (27) into (28), the derivative of V (θ ) is calculated as follow.
Since α is a positive number,V (θ ) is negative semidefinite. It is obvious that D is a compact set that is positively invariant with respect to (26) . Let E be the set of all points in D wherė V (θ) = 0. Let F be the largest invariant set in E. Then every point starting in D approaches F as t → ∞ according to LaSalle's invariance principle [26] . The only thing needs to be proved is that F ∈ M . From equation (29), the sets of points in D whereV (θ ) = 0 can be expressed as E 1 = {θ ∈ D|M A sin θ + M B cos θ = 0} E 2 = {θ ∈ D|M A cos θ − M B sin θ = 0} It is noticed that E = E 1 ∪ E 2 . First, consider the set E 1 . The value of θ in E 1 can be figured out as follow.
Substituting (30) into (21) , it can be obtained that f (θ ) = −C. Obviously, E 1 is out of M . Therefore, E 1 is not an invariant set.
Then, the value of θ in E 2 also can be figured out as follow.
Substituting (31) into (21), it can be obtained that f (θ) = −(C + K re M 2 max ). It is easy to find that E 2 belongs to M . Therefore, E 2 is an invariant set and also the largest invariant set in the case whenV (θ ) = 0. So that E 2 = F, and it is obvious that F ⊂ M . Since every local optimal solution equals to each other, all of them are the global optimal solution. The analytic proof is derived. 
